p97/VCP, a member of the AAA+ (ATPases associated with diverse cellular activities) family of proteins, is implicated in the etiology of a group of degenerative diseases affecting bone and muscle tissue as well as the central nervous system. Methyl-TROSY-based NMR studies have previously revealed how disease-causing mutations deregulate a subtle dynamic conformational equilibrium involving the N-terminal domain (NTD) with implications for the binding of certain adaptors, providing insight into how disease mutations lead to abnormal function. Herein the conformational plasticity of the p97 system is explored in an attempt to identify hotspots that can serve as targets for restoring function in disease mutants by shifting the position of the NTD back to its wild-type location. Although p97 is overall robust with respect to extensive mutagenesis throughout the protein involving conservative substitutions of hydrophobic residues, key positions have been identified that alter the NTD equilibrium; these lie in specific regions that localize to the interface between the NTD and the D1 nucleotide-binding domain of the complex. Notably, for a severe disease mutant involving an R155C substitution the NTD equilibrium can be shifted back to its wild-type position by mutation at a secondary site with restoration of wildtype two-pronged binding of the UBXD1 adaptor protein that is impaired in disease; this underlies the potential for recovering function by targeting p97 disease mutants with drug molecules. p97/VCP | conformational plasticity | domain equilibrium | methyl-TROSY NMR | IBMPFD disease mutants T he highly conserved valosin containing protein (VCP), also known as p97 in mammals or Cdc48 in yeast, plays a critical role in a wide range of cellular functions (1). These include segregation of proteins from complexes or membranes (2), membrane fusion (3), progression of the cell cycle (4), and protein degradation via either the proteasomal (5) or lysosomal pathways (6). p97 is directed to its various functions through binding to one of over 40 adaptors that have been discovered in mammalian cells and the fidelity of binding is critical for proper function (7). Detailed structural studies that include both X-ray (8, 9) and cryo-EM-based (10) approaches have established that p97 has a homohexameric double-ring structure with each 89 kDa protomer consisting of an N-terminal domain (NTD) followed by two nucleotide-binding domains (D1 and D2). These studies clearly show that the NTD of p97 can assume one of two positions: in the plane formed by the D1 ring (referred to as the down position) or above the plane of the ring (up) depending on whether the nucleotide in D1 is ADP or ATP, respectively (Fig.
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p97/VCP | conformational plasticity | domain equilibrium | methyl-TROSY NMR | IBMPFD disease mutants T he highly conserved valosin containing protein (VCP), also known as p97 in mammals or Cdc48 in yeast, plays a critical role in a wide range of cellular functions (1) . These include segregation of proteins from complexes or membranes (2), membrane fusion (3) , progression of the cell cycle (4) , and protein degradation via either the proteasomal (5) or lysosomal pathways (6) . p97 is directed to its various functions through binding to one of over 40 adaptors that have been discovered in mammalian cells and the fidelity of binding is critical for proper function (7) . Detailed structural studies that include both X-ray (8, 9 ) and cryo-EM-based (10) approaches have established that p97 has a homohexameric double-ring structure with each 89 kDa protomer consisting of an N-terminal domain (NTD) followed by two nucleotide-binding domains (D1 and D2). These studies clearly show that the NTD of p97 can assume one of two positions: in the plane formed by the D1 ring (referred to as the down position) or above the plane of the ring (up) depending on whether the nucleotide in D1 is ADP or ATP, respectively (Fig. 1A) .
In humans, p97 is implicated in a dominantly inherited and ultimately lethal degenerative disorder affecting muscle, bone, and the central nervous system that is referred to as inclusion body myopathy associated with Paget disease of the bone and frontotemporal dementia (IBMPFD) (11) or as multisystem proteinopathy type 1 (MSP1) (12) . Mutations identified in patients have been reported at various locations clustered at the interface between the N-terminal and D1 domains or in the linker region between these domains (12) . Using solution-state NMR spectroscopy and focusing on methyl group probes of structure and dynamics, we have previously shown that in the p97-ADP state the NTD is in equilibrium between up/down conformations and that as a function of disease mutant severity the equilibrium becomes progressively shifted from the down [wild type (WT)] to the up conformation, the latter characterizing the WT ATP state (13) . This picture is distinct from that obtained via X-ray and EM studies of both WT and disease mutants of p97 where the NTD conformation, either up or down, appears to be dictated exclusively by the nature of the bound nucleotide (10, 14) . However, the dynamic model that emerges from NMR studies provides an important link between mutation and p97 function. Notably, as the equilibrium is shifted, binding of the adaptor UBXD1, which recruits p97 to the lysosomal degradation pathway (6, 15) , becomes increasingly impaired. Because a complex of UBXD1-p97 is required for recruitment of ubiquitylated caveolin-1 molecules to the lysosome for degradation this leads to the accumulation of caveolin-1-positive endolysosomes in IBMPFD patients (6) . In contrast to the negative effects on the lysosomal pathway caused by impaired UBXD1 binding, interactions with other adaptors, such as p47 that targets p97 for membrane remodeling, are little affected by the IBMPFD mutations (16) (17) (18) .
The underlying energetics of the disease mutations that lead to the shift of the up/down equilibrium are small. For example, in the case of weak (R155H) and strong (R95G) disease mutants, the difference in free energy between the up and down conformations for p97-ADP is estimated to be on the order of ∼1200 cal/mol and 200 cal/mol, respectively, based on the relative populations of the up and down states (13) . The fact that subtle differences in up/ down conformational energetics are related to large differences in structure and, importantly, are correlated strongly with function Significance Cdc48/TERA/p97/VCP is an enzyme that utilizes energy stored in ATP to coordinate protein degradation and recycling in eukaryotic cells. Point mutations in p97 cause a degenerative disease in humans that affects the central nervous system, bone, and muscle. These mutations deregulate the structure and dynamics of p97 with implications for binding of a cofactor that recruits p97 to the lysosomal degradation pathway. Here we probe the plasticity of p97, searching for hotspots in this enzyme to revert the effect of disease mutations. We demonstrate that mutations at secondary sites can shift the dynamics and structure toward wild type, highlighting the potential of exploiting the plasticity of p97 in the rational design of compounds that restore function in disease mutants.
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suggested to us that it may be possible to manipulate the up/down equilibrium through the introduction of mutations, so that WT activity could be restored, at least in vitro, in severe disease mutants. Here we have explored the p97 energy landscape by carrying out a series of NMR spin relaxation experiments on disease mutants that clearly establish that mutant p97 molecules can be dynamic over a range of timescales. In an effort to exploit this inherent plasticity, a series of mutations were designed to either destabilize the up or stabilize the down states as a first step toward manipulation of function by controlling the NTD equilibrium. Although the equilibrium was resistant to conservative substitutions involving hydrophobic residues, key sites at the interface of the NTD and D1 domains were identified as hotspots, where mutations lead to changes in relative populations of the up/down conformers. Notably, the perturbed up/down equilibrium in a severe R155C disease mutant could be shifted back to the WT state by a single compensating mutation and WT binding of the UBXD1 adaptor protein was restored; this highlights the potential of exploiting the plasticity of p97 in the design of rational therapeutics for regenerating WT function in IBMPFD disease mutants.
Results
Disease Mutations Induce Dynamics on Multiple Timescales. Hexameric p97 is a 540-kDa complex whose large size challenges traditional solution-state NMR approaches for studies of protein structure and dynamics. Herein, as in our previous study of p97 (13) , we have exploited stereospecific methyl labeling of highly deuterated protein complexes (19) in concert with a methyl-TROSY (20)-based NMR approach to obtain well-resolved, high-quality spectra of this large system. Further, to reduce the aggregate size of p97, we focused on a 320-kDa construct of p97 containing the NTD, D1, and the linker between D1 and D2 (ND1Lp97, 6 × 53 kDa, residues 1-480) (9) that was prepared as a highly deuterated, selectively Iδ 1 -13 CH 3 , proR L,V-13 CH 3 , Me 1 -13 CH 3 -labeled protein (19, 21, 22 ). ND1Lp97 has previously been shown to be a good model system that faithfully reports on the NTD equilibrium in the same way as the full-length protein (13) . Fig. 1B shows a superposition of small regions of 13 C-1 H HMQC spectra recorded of a number of p97 variants, including WT ND1Lp97-ADP, several disease mutants of ND1Lp97-ADP, and WT ND1Lp97-ATP, focusing on the I189 correlation. I189 lies at the N-terminal side of the linker connecting the NTD to the D1 domain and thus serves as a probe of the linker helix to coil transition that accompanies the hydrolysis of ATP (9) . As a result, the position of the I189δ 1 cross-peak in spectra serves as a proxy for the up/down NTD equilibrium. Notably, as observed with many other methyl probes (13), the peak position of I189 in p97-ADP variants titrates as a function of mutation in a near linear manner; this is most simply explained as a shift in an equilibrium that involves rapid interconversion between down (ADP-bound like) and up (ATP-bound like) conformers (Fig. 1A) from an all down state for the WT protein (p U = 0, where p U is the fraction of up NTD population) to increasing amounts of up conformer as a function of disease mutant severity (13) . As described previously, p U for a given disease mutant can then be simply calculated from the relative position of the cross-peak in relation to the limiting corresponding chemical shifts in spectra of the WT p97-ADP and WT p97-ATP states. NTDs in the weak disease mutant R155H are mostly down (p U ∼0.15), whereas the up/down equilibrium in the case of the strong disease mutants R155C, R155P, and R95G is shifted significantly more to the up state, p U ∼0.45. Notably, when the two disease-causing mutations, R95G and T262A, were combined, p U increases further to 0.79, suggesting that the energy landscape is plastic and that this plasticity can be exploited to manipulate the up/down equilibrium (see below).
A qualitative estimate of the lower bound for the up/down exchange rate, ∼2,000 s −1 , is obtained from the 2 ppm I189 13 Cδ 1 chemical shift difference between up and down states (Fig. 1) , assuming that their interconversion is fast on the NMR chemical shift timescale (see below). Because it is known that molecular motions of the N-terminal domain are of central importance for the ATPase activity of p97, with cross-linking of NTD to D1 suppressing activity in both nucleotide binding domains (23), we were interested in obtaining further insight into the dynamics of p97 beyond the qualitative measures that are obtained from changes in chemical shifts with mutation. We therefore characterized microsecond-to-millisecond timescale dynamics in the ADP state of p97 by performing methyl-TROSY-based CPMG relaxation dispersion experiments (24) that are sensitive to stochastic fluctuations of chemical shifts resulting from exchange between different protein conformational states (25) . The experiment measures the effective decay of 1 H- 13 C multiple quantum coherences during a fixed interval where the effective chemical shift difference between exchanging states is modulated by the application of 13 C chemical shift refocusing pulses (24) . As the number of pulses increases (increasing ν CPMG ), the effective shift differences decrease, leading to a decrease in the attenuation of signal. Hence the effective relaxation rate, R 2,eff , becomes smaller. Dispersion profiles, R 2,eff vs. ν CPMG , where R 2,eff decreases with ν CPMG , are the hallmark of chemical exchange and when fit to an appropriate model of exchange estimates of populations of interconverting states and rates of interconversion are obtained. In contrast, flat dispersion profiles are consistent with an absence of millisecond timescale dynamics or with processes for which there are no chemical shift changes between states. A challenge in the analysis of relaxation dispersion data in general often relates to the choice of a proper model, because a priori little insight into the underlying structural rearrangements is obtained from the raw dispersion profiles. Fig. 2A illustrates a number of the larger dispersion profiles obtained for R95G ND1Lp97-ADP (blue circles) along with the corresponding curves generated from measurements on a coplanar variant of the R95G mutant in which the NTD is covalently tethered to D1 via a disulfide bond connecting residues 155 and 387 that have been converted to cysteines (black circles). Dispersions are found for methyl groups that are distributed throughout the structure, as illustrated by the examples in ). We find that relaxation dispersion profiles are maximal when p U is ∼0.5, as for the R95G mutant ( Fig. S1 ), and that motional freedom of the NTD is necessary for conformation exchange, because the exchange process is eliminated upon cross-linking (see above; Fig. 2A ). Because dispersion profiles were largest for the R95G ND1Lp97-ADP variant, we analyzed these profiles in detail. Dispersion curves (24 profiles) could be well fit to a simple twosite exchange model (χ , 50°C. However, the resulting chemical shift differences between states, Δϖ GE = ϖ E -ϖ G , did not match those measured between NTD up and down states from spectra of WT ND1Lp97-ADP and WT ND1Lp97-ATP, although results from cross-linking (see above) clearly argue that the up/down exchange is integral to the observation of nonflat dispersion profiles. Moreover, if the Δϖ GE values were enforced to be those that correspond to the up/down shifts, the dispersions could not be well fit, with reduced χ 2 values increasing from 1 to over 6. Thus, although the dispersion data in isolation could be fit to a two-site model of chemical exchange, the use of a more complex model that could explicitly account for both the chemical shift titration (vs. mutation) and relaxation dispersion data is justified, as described in general terms recently by Chao and Byrd (26) . Fig. 2B shows the three-state model that we have used to explain the chemical shift and relaxation data. Here we explicitly include the up (U)/down (D) NTD equilibrium, which is strongly suggested by the chemical shift data (Fig. 1B) , with U and D corresponding to the pure up and down states, respectively, as well as an additional exchange process to a state designated as C. In the fits, Δϖ DU values are fixed to shift differences obtained from spectra of WT p97-ADP and WT p97-ATP states for methyl groups from five residues (I189 Cδ 1 , L213Cδ 1 , L229Cδ 1 , M388Ce 1 , and M442Ce 1 ) that have large shift differences and that are far removed from bound nucleotide and from the position of mutation (residue 95). In addition, the 13 C chemical shifts of these five residues that inform on the up/down equilibrium are also included in the fits. The populations of states U and C are fitting parameters, as are k ex,DU = k DU + k UD and k ex,UC , along with Δϖ DU values for residues with dispersions whose shifts are not fixed and Δϖ CD values for all residues for which dispersion curves are analyzed. Fits are shown by solid curves for the residues highlighted in Fig. 2A , along with the resulting χ 2 red surfaces for fits obtained as a function of a series of k ex,DU and k ex,UC values. Notably, the up/down equilibrium is fast (k ex,DU ), greater than ∼15,000 s , whereas k ex,UC is between ∼1,500 and 4,000 s −1 (Fig.  2B ), p U = 0.41 (as expected from the chemical shift data), and p C = 0.09. Fig. 2C plots the differences between the 13 C chemical shifts of methyl probes as measured in spectra of R95G ND1Lp97-ADP and the chemical shifts of the corresponding probes in state C (Combined Fits of Chemical Shift and CPMG Data) on the structure of WT ND1Lp97-ADP, color-coded according to the size of the shift differences. Large shift differences are localized to interfaces between domains, including between adjacent protomers (e.g., L229; pink and gray protomers in Fig.  2C ); this suggests that the three-state nature of the exchange process may arise from relative dynamics between adjacent protomers that become prominent in the R95G mutant. It is worth noting that in the scheme of Fig. 2B the positioning of state C in relation to U and D is arbitrary given that the exchange between D and U is fast; fits that have been performed using a model in which C is placed before D (Fig. 2B) produce the same k DU , k UD , and Δϖ CD values, with k UC and k CU rates replaced by k DC and k CD , respectively.
Additional, albeit qualitative, information is available from the intrinsic relaxation rates, R ∞ 2 , that are extracted from analyses of dispersion profiles, such as those in Fig. 2A . In this regard, it is worth noting that for the 13 (24) . In the case here, however, it seems likely that the differences in R 2,eff plateau values for some of the black and blue curves (Fig. 2) reflect differences in fast time-scale dynamics that result from the disulfide (Fig. S1) . A large distribution of R ∞ 2 rates is noted for R95G ND1Lp97-ADP, varying from ∼10 s −1 (I16δ 1 ) to 80 s −1 (I274 δ 1 ) (Fig. 2D) . The large R ∞ 2 values are consistent with additional motional processes that occur with rates faster than ν CPMG,max that can therefore not be modulated through the application of pulses. Taken together, our data provides strong evidence for a range of dynamics over a wide spectrum of timescales in the severe R95G p97-ADP disease mutant.
Key Hotspots Regulate p97 Dynamics. Having shown that the p97-ADP up/down equilibrium is significantly affected by disease mutations that localize to the interface between domains (13) (Fig. S2A ), we were interested in establishing whether perturbation of other sites in the protein might also trigger changes. We therefore carried out Table S1 . The mutations were distributed all over ND1Lp97, and in general were highly conservative where one methyl-bearing amino acid side chain was converted into another. None of these mutants produced changes to the up/down equilibrium in the ADP bound state, as judged by the positions of cross-peaks in NMR spectra. Thus, it appears that there are a few key hotspots that control the NTD dynamics (Fig. 1B and Fig. S2A ), while the majority of the protein is robust with respect to localized structural disturbances. We decided, therefore, to further explore the plasticity of p97 by making mutations that targeted specific structural features that are unique to either the up or down states, localized to the interface regions that appear critical in regulating the position of the NTD, in the hope that these manipulations might restore the WT equilibrium in the disease mutants.
Destabilizing the Up State of ND1Lp97. The X-ray structure of ND1Lp97-ATPγS (ATPγS is a slowly hydrolyzing analog of ATP) provides a number of clues as to how one might destabilize the up state that becomes overpopulated in p97-ADP disease mutants. Fig. 3A focuses on the three regions of the structure labeled i-iii that were explored. In i, the N-terminal NTD helix (in red) makes contacts with the D1 domain of an adjacent protomer. Notably, this helix is not formed in p97-ADP, where the N terminus of the NTD is disordered. We reasoned, therefore, that elimination of the helix might shift the equilibrium in disease mutants such that the NTD becomes positioned in the down conformation. Insertion of a proline residue in the middle of an α-helix is known to destabilize it by over 3 kcal/mol (27) , effectively disrupting the helix. Therefore, we considered a number of mutants, including T14P and A15P, where residues 14 and 15 are located in the center of the helix, as well as a deletion that eliminates the first 20 amino-terminal residues that includes the helix, ΔN 20 . These mutants were inserted into the R95G disease mutant background and the effect of the substitutions evaluated by monitoring the position of the I189 cross-peak that reports on the NTD up/down equilibrium. Fig. 3B (Fig. S3A) shows that p U decreases from 0.42 for R95G ND1Lp97-ADP to 0.31 when any of the above-mentioned mutations is inserted. As a second manipulation (ii) we considered the elimination of favorable electrostatic interactions that are formed in the up state (ATP-p97) but not in the WT down conformation involving the side chains of K63 and E200/E261. There is a decrease in p U (to 0.33) for K63A,R95G ND1Lp97-ADP (Fig. 3C) .
Next we examined whether the helix that is formed in the NTD-D1 linker in the p97-ATP state (site iii) is essential for supporting the up conformation, and thus whether this region might serve as a further point for controlling the up/down equilibrium. Notably, this helix is thought to play a role in "pushing" the NTD to the up state in the p97-ATP form and becomes unstructured in p97-ADP (9). A proline was introduced at position 194, with a predicted destabilization of 2.8 kcal/mol based on ROSETTA calculations (28) , which further establish that the proline substitution at 194 is the most destabilizing of all 20 amino acid replacements based on the structure of the up state of ND1Lp97 (PDB ID code 4K08) (29) . Indeed, the E194P mutation fully abolished the helix, as evidenced by the 13 Cδ 1 chemical shift of residue I189, which is located at the beginning of the helix. The Iδ 1 cross-peak for this residue shifts almost fully to its position in WT ND1Lp97-ADP (Fig. 3D) , where the linker is in a loop conformation. However, the up/down equilibrium is not perturbed, as evidenced by the fact that cross-peaks for I146 (Fig. 3E ) and for many of the methionines (Fig. 3F) , which are all sensitive to the up/down states, do not revert back to their positions in WT p97-ADP (down) but rather remain superimposable in spectra of R95G p97-ADP and E194P,R95G p97-ADP (compare black single contour with blue contours). Thus, in the context of the E194P mutation, or for that matter any mutation that disrupts formation of the linker helix, the position of the δ 1 methyl of I189 is not a good proxy of the up/ down equilibrium because, as noted, it senses precisely the formation of the linker helix which, in general, accompanies the up transition. All other mutations that we have studied do not affect the linker helix, and the p U values obtained from the resonance position of I189 are in good agreement with those from other probes of the equilibrium (i.e., I189 is an excellent probe). We also tested whether the linker helix is required for stabilization of the pure up state in the ATPγS-loaded form of the protein. In E194P ND1Lp97-ATPγS, the NTDs are in the up conformation even in the absence of the helix, as evidenced by the superposition of methionine peaks in 13 C-1 H HMQC spectra of E194 p97-ATPγS and WT p97-ATPγS (Fig. 3G, black and red  peaks) , confirming that this helix is not required for stabilizing the up state. In summary, our mutagenesis study identified two sites (i and ii; Fig. 3A) as potential hotspots for manipulation of the aberrant NTD position in a severe disease mutant and established that the coil-to-helix transition that accompanies ATP binding in the WT protein is not essential for populating the up conformation.
Stabilizing the Down State of ND1Lp97. The above experiments provide a clear demonstration that it is possible to manipulate the NTD equilibrium in a rational way by modifying structural features that appear to stabilize one state over the other. With this in mind, we focused on stabilizing the down state of ND1Lp97-ADP by targeting a region of the NTD-D1 interface formed by residues 155-159 and 386-387 in the NTD and in D1, respectively (Fig. 4A) . Notably, 16 of the 41 reported disease mutations are localized to this small section of the complex with residue 387 the site of a number of disease mutations formed by the substitution of His, Thr, or Ser for the WT Asn (12) . Because residues 155 and 387 are within 3 Å in p97-ADP and R155 is mutated to either cysteine or proline in strong disease mutants (Fig. 4A) , we considered amino acid substitutions for N387 that might lead to energetically favorable interactions with C155 or P155 and hence stabilization of the down conformation in these disease mutants (p U = 0.45 and 0.51 for R155C ND1Lp97-ADP and R155P ND1Lp97-ADP, respectively). Fig. 4 B and C shows that the N387C mutation is one possibility; the position of the NTDs are shifted toward the down state in both of the double mutants R155C,N387C ND1Lp97-ADP and R155P,N387C ND1Lp97-ADP, to different degrees, with the N387C substitution restoring the down state of the R155C mutant to nearly WT levels (p U = 0.06). It is worth noting that the NMR samples were maintained under reducing conditions using the reducing agent Tris(2-carboxyethyl)phosphine (TCEP), and that the reduced state of the cysteines at positions 155 and 387 in R155C,N387C ND1Lp97-ADP could be confirmed by NMR spectra (see below; Fig. S4 ). The fact that the R155C and R155P mutants are restored to different degrees argues that the effect, at least in part, is local, involving the interplay between sidechains of residues 155 and 387. In contrast, if the change in equilibrium from the N387C substitution was principally due to destabilization of the up state (where positions 155 and 387 are >20 Å from each other), it might be expected that the effects on the R155C and R155P mutants would be more uniform. We also tested R95G,N387C ND1Lp97-ADP to establish whether the N387C mutation might revert the aberrant NTD equilibrium in the R95G case as well; Fig. S3B shows that this is not the case, with no change in the up/down equilibrium. Because positions 95 and 387 are distal in the p97-ADP conformation, this result argues, as above, that a local effect underlies the stabilization of the down state in the R155C/P mutants.
UBXD1 Binding Is Restored to R155C,N387C ND1Lp97-ADP. The UBXD1 adaptor-p97 complex plays an important role in regulating the transport of ubiquitylated cargo to the lysosome for degradation (30) , with interactions between UBXD1 and p97 specifically disrupted in the IBMPFD disease mutants considered in this study (6) . We have previously shown (13) that an N-terminal fragment of UBXD1 (UBXD1-N, reported in ref. 15 ), consisting of the first 133 residues of the adaptor and including the H1/H2 and VCPinteracting motif (VIM) regions, binds to p97-ADP via a twopronged mechanism with the VIM and H1/H2 motifs contacting the canonical VIM binding region of the NTD and the NTD-D1 interface, respectively. This model is supported by additional NMR studies on UBXD1-N and the isolated NTD domain (15) . The effective binding of UBXD1-N to p97-ADP decreases with increasing disease severity because the H1/H2 interactions are weakened both by the disruption of the NTD-D1 interface and by additional structural changes that occur in this region upon mutation (13) . H HMQC spectra highlighting the binding of threefold excess UBXD1-N to WT ND1Lp97-ADP (gray bound) and to R155C ND1Lp97-ADP (blue free; black bound). Here we focus on a small number of residues that serve as a readout of binding, with V68 of the NTD reporting on the VIM-NTD interaction (31, 32) and residues I146 (NTD) and I189 (NTD-D1 linker) probing binding of the H1/H2 motif to the p97 NTD-D1 interface (13) . Fig. 5A shows that for the same excess of UBXD1-N, the position of the V68 methyl resonance for R155C ND1Lp97-ADP shifts only partially to the fully bound WT location (compare black vs. gray peaks) that implies a weaker UBXD1-N binding affinity for the R155C mutant relative to the WT protein [K d,macro = 20 μM (13)]. An estimated K d,macro = 200 μM is calculated (based on the relative shift; see ref. 13 for details) that is the same as obtained for the R95G disease mutant. Notably, the I146 and I189 crosspeaks do not shift upon addition of excess UBXD1-N (compare black vs. blue peaks in Fig. 5B ), as reported previously for the R95G and R155P strong disease mutants (13) ; this clearly indicates that the second binding interaction involving the H1/H2 domain of the adaptor is eliminated, accounting for the increased K d,macro value. A schematic of the complex is indicated in The N387C mutation shifts the up/down equilibrium in R155C ND1Lp97-ADP (B) and R155P ND1Lp97-ADP (C) toward the down state, with the NTDs almost in the WT p97-ADP position in the case of R155C,N387C ND1Lp97-ADP. Position 95 is distal from 155 and the N387C mutation has no effect on the location of the NTDs in R95G ND1Lp97-ADP (Fig. S3B) . Note that for both of the R155C and R155P mutants considered in B and C, position 95 was WT. Fig. 5A , illustrating that only one of the two binding prongs is engaged. In contrast, the R155C,N387C ND1Lp97-ADP double mutant displays WT-like binding behavior (schematic in Fig. 5C ), with V68 shifting to its location in the WT complex (orange free; black bound; gray WT complex). Cross-peaks for I146 and I189 in the unbound/free form of R155C,N387C ND1Lp97-ADP are much closer to the WT positions than for the R155C single mutant because, as discussed in the previous section, the double mutant is essentially in the all-down position. Binding of the adaptor does, however, cause small shifts that correspond to locking of the structure in the down conformation (compare orange and black in Fig. 5D ). That a down, locked state has been achieved can be verified by recording spectra of unbound/free R155C,N387C ND1Lp97-ADP (Fig. 5E ) under oxidizing conditions where the cysteines at positions 155 and 387 become crosslinked (schematic in Fig. 5E ). Formation of the disulfide produces a down, locked conformation that is essentially identical to that for the adaptor bound state under reducing conditions (Fig.  5F , black peaks). We have established that the R155C,N387C ND1Lp97-ADP sample (containing the TCEP reducing agent) used to recorded the spectra in Fig. 5 C and D is not oxidized by monitoring the position of V154 that is sensitive to formation of the 155-387 disulfide. Formation of the disulfide bond leads to a significant chemical shift perturbation for the γ 1 -methyl of V154 that is much larger and very different from the small shift change observed for V154 upon binding of UBXD1-N (i.e., the γ 1 -methyl group of V154 resonates at a very different position in adaptor bound reduced and in unbound oxidized p97 states; Fig. S4 ).
Discussion p97 plays an important role in cellular proteostasis by interacting with a variety of different adaptor molecules that target it for specific biological functions (7) . Impairment of adaptor binding leads to disease, as is the case for the IBMPFD disease mutants that affect p97-UBXD1 interactions (6) and, hence, recruitment of p97 to the lysosomal degradation pathway (30) . Although highresolution X-ray images of p97 are consistent with the enzyme adopting either NTD up or down conformations, that, in turn, are a function of either bound ATP or ADP in D1 (9, 33) , recent NMR studies show that the NTDs are dynamic and that disease mutations at the interface between the NTD and D1 domains lead to subtle changes in the energy landscape and significant perturbations to the up/down equilibrium (13) . In the case of the IBMPFD mutants considered here, the down NTD conformation in WT p97-ADP is increasingly skewed upward as a function of disease severity and proper binding of UBXD1 becomes progressively compromised in the case of severe disease mutants (13) . The energetic differences between moderate and severe disease mutants are subtle, on the order of 1 kcal/mol, whereas the K d for binding of the VIM domain of UBXD1-N to the NTD of p97 has been measured to be 200 μM (50°C), corresponding to a binding free energy of 5.5 kcal/mol. Why is it then that binding of VIM cannot overcome the impaired up/down equilibrium? The answer lies in the two-pronged nature of the interaction with the macroscopic binding affinity to p97 a function of both VIM and H1/H2 contacts. Chemical shift changes that report on the binding of UBXD1-N show that the impairment in binding with disease severity can only be explained by a significant lowering of the affinity of the H1/H2 domain of UBXD1-N for the interface between the NTD/D1 domains of p97 (Fig. 5B) , whereas the microscopic binding of the VIM domain to the NTD of p97 is much less affected. Thus, binding of VIM still occurs, but the second prong involving the H1/H2 domain is effectively no longer able to interact and hence stabilize the down state. Shifting of the up/down NTD equilibrium upon the addition of UBXD1-N thus serves as a proxy for two-pronged adaptor binding. A detailed description of our binding model has been published (13) .
The results of the present study make it clear that p97 is highly dynamic with motion on a range of timescales that extend from the millisecond processes characterized here using relaxation dispersion NMR spectroscopy (Fig. 2) to the faster up/down equilibrium for which a lower bound of 15,000 s −1 is obtained. Additional processes that are beyond the CPMG window are also detected via elevated R ∞ 2 relaxation rates. Notably, the dynamics localize to regions at interfaces between domains, including predominantly between the NTD and D1 domains. The plasticity of the p97 molecule, coupled with the subtle changes in energies between weak and strong disease mutants, suggested to us that it might be possible to manipulate the up/down equilibrium by small changes to structure at key sites; if possible, this would constitute a first demonstration of the feasibility of shifting the aberrant NTD equilibrium in disease mutants to that of the WT state.
A pair of sites was identified by inspection of the X-ray structure of p97-ATPγS where stabilizing features of the up state could be removed via mutagenesis that would be predicted to shift the aberrant R95G ND1Lp97-ADP equilibrium to the down conformation. Shifts from p U = 0.42 (R95G ND1Lp97-ADP) to (Fig.  S4 ) so that the down, locked conformation that is reported in D is the result of UBXD1-N binding and not oxidation. Schematics of the structures that are formed via UBXD1-N binding or disulfide oxidation are shown above each of the spectra in A, C, and E.
∼0.3 [R95G and an additional mutation (Fig. 3A) , i or ii] were obtained that involved destabilization of either the amino terminal helix of the NTD or an electrostatic interaction, both of which were present in the p97-ATP structure but not in p97-ADP. Having established that the p97 energy landscape is malleable, we next tried to stabilize the down state by mutating position 387 that is proximal to the site of the strong disease mutations R155P and R155C in the p97-ADP structure. Notably, the NTDs of R155C ND1Lp97-ADP are restored effectively to their WT positions (p U = 0.06) via the N387C substitution. Importantly, the functional properties of R155C,N387C ND1Lp97-ADP are also restored, at least as measured by UBXD1 binding.
The present study provides a proof of principle that severe p97 disease mutants can be moderated, or in the case of R155C ND1Lp97-ADP rescued, by exploiting the inherent plasticity of this protein. Although a number of hotspots have been identified here (summarized in Table S2 ) that may be of interest for further studies, it seems likely that additional sites for manipulation will be discovered by focusing on allosteric pathways that have been identified in a previous NMR study (13) . Notably, it may be possible to work with multiple sites simultaneously to better control changes to the free-energy landscape. In this regard, as discussed above, the combination of the two disease mutants, T262A and R95G, that both individually increase p U in the p97-ADP state, collectively lead to an even larger p U for the T262A&R95G double mutant (p U = 0.79), whereas a similar situation is observed for the combination of two weak disease mutants (R155H and N387H) that together give p U = 0.45. Manipulating pairs of sites, where each change decreases p U , may be a useful strategy for achieving a more complete down conformation for disease mutants of p97-ADP. Our present work has focused on mutational studies. As a next step, the identification of drug molecules that shift the NTD equilibrium in desired ways would constitute a potential route to restoring proper function to IBMPFD disease mutants of p97.
Materials and Methods
Cloning, Protein Expression, Purification, and NMR Sample Preparation. p97 protein from Mus musculus (identical to Homo sapiens) with an N-terminal 6xHis tag and 12 C]-glucose as the only nitrogen and carbon sources (Cambridge Isotope Laboratories) and purified as described before (13) . Point mutations and the N-terminal deletion, ΔN 20 , were introduced using QuikChange site-directed mutagenesis (Agilent). Disulfide cross-linking, connecting positions 155 and 387 that were first mutated to cysteine, was accomplished as detailed previously (13 (19, 22, 34) . The UBXD1-N fragment (15) from Mus musculus with an N-terminal 6xHis tag and tobacco etch virus protease (TEV) cleavage site was expressed and purified as described (13) . NMR samples were buffer-exchanged into 25 mM Hepes, pH 7.0, 50 mM NaCl, 10 mM ADP, 5 mM TCEP in 100% D 2 O at protein concentrations between 50 μM (protomer concentration; for HMQC spectra), and 600 μM (relaxation dispersion experiments). Monomer concentrations in UBXD1-N binding experiments were perdeuterated UBXD1-N 150 μM, wt/R155C/ R155C,N387C ND1Lp97-ADP 50 μM.
Data Acquisition and Analysis. NMR experiments were performed using either Varian or Bruker 18.8 T spectrometers, 50°C, the latter equipped with a cryogenically cooled probe. Methyl-TROSY-based CPMG data sets (24) were acquired as pseudo 3D experiments with a constant-time CPMG evolution period (35) of 20 ms, 14 ν CPMG values [ν CPMG = 1/(2δ), where δ is the separation between successive 180°refocusing pulses] extending from 50 to 2,000 Hz, with two duplicates for error analysis and a recycle delay of 2.5 s. The total acquisition time was 68 h for each experiment. A reference spectrum was recorded with the CPMG evolution period removed (24) . Peak fitting was performed using FuDA (www.biochem.ucl.ac.uk/hansen/fuda/) and the resulting dispersion profiles analyzed using ChemEx software. CPMG datasets were collected on samples of WT ND1Lp97-ADP, coplanar R95G ND1Lp97-ADP, and mutants of ND1Lp97-ADP that included the following substitutions: R155H, R95G, R95G&T14P, and R95G&T262A. Details of the fitting procedure are given in Combined Fits of Chemical Shift and CPMG Data. All spectra were processed in NMRPipe (36) and analyzed with the CcpNmr (37) program with additional data analysis (i.e., excluding CPMG dispersions) achieved using home-written MATLAB scripts.
